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FOREWORD

The interaction of electrons and phonons with the properties of semiconducting crys-

tals continues to be a fascinating and highly fruitful field of study. This dissertation

addresses two research problems under the general heading of electron and phonon

effects on the optical properties of indirect gap semiconductors. The first problem

addresses nonlinear (multi-photon) absorption in germanium crystals, a topic of in-

terest for the telecommunications industry as well as to the basic scientist. As will

be shown, a straightforward analysis of transmission measurements is rapidly compli-

cated by the effects of photo-excited electrons, requiring numerical approaches. The

second problem concerns the optical characteristics of ion-bombarded diamond crys-

tals, which is a swiftly developing field due to diamond’s current status as the material

of choice for hosting photonic and quantum information devices. This study employs

phonon effects, specifically an ultrafast optical technique called coherent acoustic

phonon interferometry, to measure the implantation-induced optical modifications.

A quantitative model for those modifications is then developed using numerical sim-

ulations.

Summary of Contents

Part one of this work, Multiphoton Absorption in Germanium, consists of the fol-

lowing: Chapter I (Introduction) introduces nonlinear absorption phenomena and

xii



describes their importance, Chapter II (Literature Review) gives an overview of ex-

perimental and theoretical approaches to measuring and predicting nonlinear absorp-

tion, Chapter III (Experiment and Simulation) presents the results of experimental

studies of germanium multiphoton absorption, and the numerical simulations used to

interpret them.

The contents of the second part of this dissertation, Coherent Acoustic Phonon In-

terferometry of Ion Implantation Defects in Diamond Crystals, are as follows: Chap-

ter IV (Introduction) motivates the study of the optical properties of diamond, and

describes the research problem. Chapter V (Literature Review) provides an overview

of the current state of knowledge with respect to the optical properties of diamond,

ion implantation in diamond, and the CAP technique. Chapter VI (Experiment) will

detail the experimental methods used in these studies and discuss the results of the

CAP experiments, along with a comparison to TEM. The numerical simulations and

the quantitative model will be discussed in Chapter VII (Phenomenological Model).

Finally, a brief Conclusions chapter summarizes the scientific results from both

parts of this dissertation.
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PART ONE:

MULTIPHOTON ABSORPTION

IN GERMANIUM



CHAPTER I

INTRODUCTION

This introductory chapter provides a brief overview of nonlinear absorption phenom-

ena and introduces some of the factors which can complicate an otherwise straight-

forward analysis of multiphoton absorption in germanium, particularly the role of

photo-excited electrons. Following that is a statement of work describing the research

project, and a discussion of the scope and limitations of the project.

I.1 Research Problem

I.1.1 Linear Absorption

Ordinary linear absorption in semiconductors may be described as a one-step pro-

cess whereby an electron is photo-excited from the valence band to the conduction

band, absorbing one photon of energy ~ω. (See Figure 1a.) From the macroscopic

standpoint of an optical pulse propagating through a linearly absorbing region, the

absorption is described by an absorption coefficient α, such that

∂I

∂z
= −αI, (1)
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where I is the optical intensity (power per unit area) of the pulse and z is sample

depth. This equation leads directly to the Beer-Lambert law for a pulse of initial

intensity I0 traveling a distance z through a linearly absorbing region:

I(z) = I0e
−αz. (2)

The optical transmittance T (or often, ‘transmission’) of an absorbing region of thick-

ness L is defined as the ratio of incoming and outgoing intensities, T = I/I0. Thus,

T = e−αL. (3)

Linear transmittance therefore depends on the thickness of the region under study,

but has no dependence on the initial intensity of the incident light.

(a) One-photon (b) Two-photon direct (c) Two-photon indirect

Figure 1: Various types of optical absorption, each resulting in the creation of a single
electron-hole pair. Two-photon indirect absorption (1c) in the bulk is assisted by the
creation or annihilation of a phonon with momentum ~q.
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I.1.2 Nonlinear Absorption

The widespread availability of lasers in the last several decades has allowed the ob-

servation of nonlinear absorption and refraction effects. Such processes have been

used to demonstrate the generation of low, evenly-distributed carrier densities, [1]

optical limiting, [2,3] optical switching, [4] holography, [5] and laser frequency tuning

by optical parametric oscillation. [6]

In semiconductor multiphoton absorption processes, a valence band electron at-

tains to the conduction band by simultaneously absorbing two or more photons. Any

or all of these photons may have sub-band-gap energies (see Figure 1b). Such cases

are usually understood using the concept of virtual states, [7] with uncertainty rela-

tionships restricting virtual state lifetimes to the order of 10−15 s. Such short lifetimes

impose an upper limit on the time in which the absorption of multiple photons must

occur, therefore very high photon densities (i.e., I > 106 W/cm2, as may be produced

using lasers) are required. The necessary intensity to observe an n-photon absorption

process increases roughly as In.

The more general form of Equation 1, including multiphoton transitions, is

∂I

∂z
= −αI − βI2 − γI3 . . . , (4)

where the coefficient β (usually in cm/GW) describes two-photon absorption, γ

(cm3/GW2) describes three-photon absorption, and so on for higher-order processes.

All of these coefficients are functions of the energies of the absorbed photons. Thus,

in the general case, β = β(ω1, ω2), γ = γ(ω1, ω2, ω3), etc. If all of the absorbed

photons have the same frequency (ω1 = ω2 = . . . = ω), the process is referred to as

degenerate.

Typically, absorption phenomena are dominated by the lowest-order allowed pro-

cess. For instance, in the case where ~ω < Eg < 2~ω, one-photon absorption is
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forbidden (i.e., α(ω) → 0), and three-photon absorption is usually relatively weak

(γI � β). Thus, the two-photon transition dominates. In any case where two or more

orders of transition are allowed, one may define a critical intensity Ic = k(n)/k(n+1),

where k(n) is the absorption coefficient of an n-th order transition. For incoming

intensities I ∼ Ic, the higher-order transition must be considered. If I � Ic, the

higher-order transition will dominate.

In the intensity and wavelength regime where two-photon absorption is the only

significant transition process,

∂I

∂z
= −βI2. (5)

Solving this equation analogously to the Beer-Lambert Law and deriving the trans-

mittance yields, for a two-photon absorbing region of thickness L,

T =
1

βLI0 + 1
. (6)

Note that transmittance is now a nonlinear function of incident intensity, as shown

in Figure 2. Generally in multiphoton absorption, the greater the incoming intensity,

the smaller the transmittance.

Experimental techniques for determining nonlinear absorption coefficients are de-

scribed in detail in Section II.1.2. Typically, the transmittance of a beam is measured

as a function of incident intensity and fitted to an equation such as Equation. 6, but

these measurements are usually complicated by the presence of photo-excited carriers,

as described further below.

I.1.3 Germanium

The electronic and optical properties of germanium make it a very interesting material

for the study of multiphoton absorption. Germanium has an indirect band gap of

0.66 eV at the Γ point, and a direct gap only slightly higher at 0.8 eV. Figure 3
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Figure 2: Theoretical transmission curves as a function of incoming intensity for
a 1 cm-thick sample with various values of β, based on Equation 6. Reflection at
surfaces is ignored.

shows the detailed band structure of germanium. This band configuration provides

a relatively even distribution of absorption onset wavelengths, as shown in Figure 4.

In general, indirect multiphoton absorption (see Figure 1c) is expected to be much

weaker than the direct case, due to the required participation of an added phonon.

Therefore, if one has a range of available experimental wavelengths similar to that

shown in Figure 4, by scanning up in photon energy it should be possible to observe

the onset of each new type of absorption.

Despite these unique properties, multiphoton absorption in germanium has been

studied relatively little in comparison with other semiconductors. In addition, there

is no strong agreement in the literature on the actual absorption coefficients (see

Section II.2.2), and reported values can vary by several orders of magnitude. At least

one cause for these discrepancies appears to the effect of photogenerated carriers.

Once an electron-hole pair has been created by multiphoton absorption, either of the

two carriers may be subsequently excited to higher energy bands in a single-photon

absorption process. Thus, Equation 5 becomes

∂I

∂z
= −βI2 − σeNeI − σhNhI, (7)
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where Ne and Nh are the electron and hole densities, and σe and σh are the respective

absorption cross sections. These cross sections are likely to be dependent on the

energy states of these particles, which may not reach equilibrium on the ultrafast time

scales of current laser pulses. Generated carriers can modulate the optical properties

of the sample, causing enhanced reflection, absorption saturation, and beam deflection

due to changes in refractive index. In addition, the carrier densities will vary with

time and space in the sample so that diffusion, recombination, self-thermalization,

intervalley scattering, stimulated emission, and lattice thermalization may all become

important. In these cases, analytical solutions to the underlying differential equations

are generally unavailable, and numerical methods must be used. Though some efforts

have been made to address these issues (see Section II.2.1), much more work is needed

to develop a clear understanding of the complex interactions involved, and to develop

the tools for accurate analysis of experimental data.

I.2 Statement of Work

In this study, the question of multiphoton absorption in germanium is addressed us-

ing a two-pronged approach consisting of experiment and numerical calculations. The

experimental work makes use of the Vanderbilt Free Electron Laser, a source uniquely

suited for these studies, and the numerical calculations allow for the consideration of

excited carrier effects. Using this combination of experimental and simulation tech-

niques, multiphoton absorption coefficients are derived in the 2.8 µm–5.2 µm wave-

length range, which accesses direct and indirect absorption regimes for both two- and

three-photon absorption. The experimental and numerical techniques are described

in detail in the chapters that follow, as well the limitations of those techniques, and

how those limitations may influence the derived quantities.
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I.3 Scope and Limitations

A clear understanding of carrier dynamics in germanium is required in the develop-

ment of accurate computer simulations of multiphoton absorption phenomena. Like-

wise, nonlinear refraction must be considered to some extent as a possible beam

modulation mechanism, and is developing into a significant field of study. [3, 10–13]

However, the primary focus of this work is intended to be multiphoton absorption,

and these areas will only be addressed to the extent necessary to correctly describe

the observed absorption-related phenomena.
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CHAPTER II

LITERATURE REVIEW

In this chapter the theoretical and experimental techniques for the study of multi-

photon absorption in semiconductors are generally described, followed by the results

of particular applications of both theory and experiment to germanium. After that

is a brief description of experiments studying free carrier dynamics in germanium.

II.1 Nonlinear Absorption in Semiconductors

Two thorough reviews of nonlinear optical phenomena in semiconductors have been

written by Nathan [1] and Garmine. [5] The material presented here includes many

works cited in these articles, as well as some more recent reports.

II.1.1 Theory

Multiphoton absorption processes were first explored theoretically by Maria Göppert-

Mayer in 1931. [14] She predicted both multiphoton absorption and multiphoton

emission. However, such effects were not observed experimentally until after the

advent of the laser, [15, 16] and theoretical models had no basis of comparison until

that time. [17] Since then, two distinct branches of theory on multiphoton absorption
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have developed, one based on higher-order perturbation theory, and the other using

a model introduced by Keldysh.

Higher-order Perturbation Theory

The first branch is based on time-dependent perturbation theory, as initially stated by

Göppert-Mayer and developed by many authors since. In this method, the probability

for an n-photon direct electron transition from an initial valence band v to a final

conduction band c is, according to Fermi’s golden rule: [1]

Wn =
2π

~

∫ ∣∣∣∣∣∑
m

∑
l

· · ·
∑
j

∑
i

〈Ψc|H|Ψm〉 〈Ψm|H|Ψl〉
[Em − El − (n− 1)~ω]

· · · 〈Ψj|H|Ψi〉
(Ej − Ei − 2~ω)

〈Ψi|H|Ψv〉
(Ei − Ev − ~ω)

∣∣∣∣2
× δ [Ec(k)− Ev(k)− n~ω]

d3k

(2π)3
(8)

where j . . .m are intermediate states with energies Ej . . . Em and the integration is

over all of k-space. At this point various simplifications are applied, depending on the

properties of the system being studied. Recent work has been able to use sophisticated

band models, yielding good agreement with experimental results. [18, 19]

For two-photon absorption (n = 2), Equation. 8 is simplified to:

W2 =
2π

~

∫ ∣∣∣∣∣∣∣∣
∑
i

〈Ψc|H|Ψi〉 〈Ψi|H|Ψv〉

(Ei − Ev − ~ω)

∣∣∣∣∣∣∣∣
2

× δ [Ec(k)− Ev(k)− 2~ω]
d3k

(2π)3
(9)

The two-photon absorption coefficient β is related to W2 by:

β =
2W2(2~ω)

I2
. (10)
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In 1984, Wherrett [20] used perturbation theory to derive a formula for direct-gap

multiphoton absorption coefficients based on a simplified band model. The strength

of the Wherrett equation is not in the prediction of absolute values for the coefficients,

but in providing a universal gap dependence, which enables one to estimate absorption

coefficients for a given material based on the known coefficients of another material.

Wherrett’s scaling rule for two-photon absorption may be expressed as:

β ∝ 1

Eg
3

(2~ω/Eg − 1)3/2

(2~ω/Eg)5
(11)

This rule was later verified experimentally by Van Stryland, et al. [21]

Keldysh Model

The second branch of theory is based on a method initially proposed by Keldysh in

1965. [22] The Keldysh model treats multiphoton absorption as one aspect of a wider

range of phenomena concerning electrons in oscillating electric fields. Keldysh used

a parameter

γ =
ω

eE0

√
2meEg (12)

to determine which of two processes would be the dominant observed effect. (Here

E0 is the magnitude of the peak electric field of the incident radiation oscillating

at frequency ω). If γ � 1, multiphoton absorption dominates. If γ � 1, strong

band-bending may allow electrons to tunnel directly across the forbidden gap.

In the multiphoton absorption limit, the Keldysh method allows for analytical

solutions using first-order perturbation theory. As later developed by Brandi, [23]

the two-photon absorption coefficient is given as:

β =
211/2πe4

3c2

(
pvc

2

m2

(m∗)5/2

m1
2n2

1

Eg
7/2

)
f2

(
~ω
Eg

)
, f2(ζ) ≡

(
2ζ − 1

ζ5

)3/2

(13)
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where pvc is the momentum matrix element, m∗ is the reduced effective mass, and m1

is the effective mass in the conduction band.

Both the Keldysh and higher-order perturbation methods have found good agree-

ment with experimental results. [21,23] The photon-energy dependence of the Brandi

and Wherrett scaling rules are plotted in Figure 5 for comparison. The Keldysh

method has been favored for its relative ease of calculation, but becomes very com-

plex for higher-order transitions. The perturbation method can also become quite

complex when the full band structure and further possibilities for transition routes

are included in the calculation, but as computers have made such work less expensive

in the last few decades, the perturbative approach seems to hold more favor. [18]
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Figure 5: Comparison of the photon energy-dependence of the theoretical two-photon
absorption coefficient β between the Brandi [23] and Wherrett [20] scaling rules. The
two curves have been normalized for comparison.

II.1.2 Experiments

Two-photon absorption in solids was first observed in Europium-doped CaF2 crys-

tals in 1961 by Kaiser and Garrett. [15] Since that time, multiphoton absorption

has been reported in a wide variety of semiconducting materials, [11, 24–33] with
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the most recent interest (both theoretical and experimental) in quantum-confined

structures. [34–38]

Derived absorption coefficients for a given semiconductor can vary dramatically

from study to study, as Van Stryland et al. have shown. [21] The general trend by

year appears to be downward; i.e., later papers generally report smaller values of β.

This trend appears to be due to increasing awareness of the various factors, such as

free carrier absorption and beam instability, which can introduce large errors into

derived values if not properly accounted for.

Photoconductivity

The earliest multiphoton absorption experiments made use of photoconductivity. In

nonlinear photoconductivity experiments [1, 39–42] (see Figure 6), a specimen is ir-

radiated with sub-bandgap photons, which generate free carriers via a multiphoton

absorption process. A voltage bias is applied across the illumination region and the

specimen conductivity is monitored. The generated carriers modulate the specimen

conductance Y , and the fractional change in conductance in the illumination region

is given by: [40]

∆Y

Y
=

1 + b

(P + bN)Z

∫ Z

0

NGdz, b =
µe
µh

(14)

where µe and µh are the electron and hole mobilities, N and P are the electron and

hole concentrations, Z is the thickness of the specimen, and NG is the density of

multiphoton absorption-generated carriers, given by

NG =
β

2hν

∫ τ

0

I(t)2dt. (15)

Here a thin sample approximation is used, and the integration is over the time du-

ration τ of the pulse traveling through the specimen. The determination of β is

therefore indirect.
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Figure 6: A simple photoconductivity experiment for determining absorption coef-
ficients. The conductivity of the DC-biased, illuminated specimen is monitored by
observing the voltage across a resistor in series with the specimen.

One advantage of the photoconductivity technique is that it remains sensitive at

low incident intensities, where photodetectors may not be able to distinguish pulse

energies. However, the analysis requires precise knowledge of the doping and carrier

mobilities in the specimen under study. In addition, it is highly sensitive to impurities.

Direct Transmission

Direct transmission experiments [40, 43, 44] eliminate some of the uncertainty that

is present in the photoconductivity method. Figure 7 shows a diagram of a typical

setup. In the simplest case, the incoming laser beam is sent through a variable

attenuator, then focused on the specimen. The transmitted energy is collected in

a photodetector. The transmittance may be obtained by performing the experiment

both with and without the specimen in place, in order to obtain I and I0, respectively.

Variations in pulse-to-pulse energy are a significant source of error, and may be

accounted for by inserting a beam splitter in front of the specimen and sending this

line to a second detector, as shown in the figure. The transmittance may then be

obtained by means of a calibrated ratio of the two simultaneous detector signals.
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Figure 7: Nonlinear absorption measurement by direct transmission

An alternative to the use of a polarizing attenuator is the z-scan technique, wherein

a specimen is shifted along the beam axis. The variation in beam diameter due to the

focusing effect of the lens will provide a range of incident intensities as a function of

specimen position. Due to the nonlinear nature of the observed absorption, the focal

point of the lens may be found at the specimen position of minimum transmittance.

(See Figure 8).

Figure 8: Z-scan transmittance data in ZnSe, from [30]. The focal point of the beam
(Z = 0 in this plot) is determined from the minimum of the curve.
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Pump-probe

The development of time-resolved pump-probe techniques has enabled many new ex-

periments related to multiphoton absorption, and particularly the dynamics of multi-

photon-generated carriers. [26, 27, 45, 46] In these experiments, a strong pump pulse

perturbs the system under study by some absorption mechanism, and a subsequent

weak probe pulse measures the effect of the pump. By adjusting the time delay

between the pump and probe pulses, time-dependent data may be obtained, with

resolution down to the order of femtoseconds. For instance, Krishnamurthy et al. [26]

used a pump-probe technique to observe the decay of 2PA-generated carriers in InAs

on a nanosecond timescale, as shown in Figure 9.

Figure 9: Pump-probe transmittance in InAs, from [26]. Specimens were pumped at
4.8 µm to generate free carriers by two-photon absorption, then probed at 5.3 µm to
observe the decay of the generated carriers.
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II.2 Nonlinear Absorption in Germanium

II.2.1 Theory

The study of two-photon absorption in indirect semiconductors such as silicon and

germanium is complicated by the fact that at some wavelengths the direct and indirect

two-photon transitions may be competing. In 1972, Bassani and Hassan [47] reported

an analysis of indirect two-photon absorption in semiconductors using third-order

time-dependent perturbation theory. They did not derive a two-photon absorption

coefficient for germanium, but they did employ a detailed analysis of selection rules to

conclude that, for an indirect two-photon transition, the only phonon type that may

participate is longitudinal optical. This result was later confirmed experimentally by

Tuncel et al. [48] (see description on page 20, below).

In a 1982 report, G. W. Bryant et al. [49] performed detailed computer simulations

of the interaction of 2.7-µm photons with electrons and holes in germanium. The

primary objective of these simulations was to investigate the remarkable result of

Danileiko et al. [50] that Ge could not be damaged by intense infrared laser pulses.

They found that the damage process required very high optical intensities to generate

the necessary carriers via two-photon absorption, and therefore that the damage

threshold did not depend solely on total pulse energy.

The model used by Bryant et al. was based on that of Elci et al., [51] but modified

for two-photon absorption. The model accounted for intraband free-carrier absorption

and inter-valence band one-photon absorption, and also considered the carrier and

lattice temperatures, tracking the energy distribution of carriers in several relevant

valleys. The thermalization of the carrier plasma and subsequent phonon-assisted

thermalization with the lattice were also modeled. One aspect that was not considered

was the modulation of the pulse profile as it propagates through the specimen; they

used a thin-sample approximation. In addition, they did not consider the self-focusing
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of the beam brought on by the free carrier generation. Although they mentioned plans

to include such effects in future work, it seems that this work was never carried out.

In a recent theoretical report, [52] Garcia and Avanki have studied the wavelength

dependence of direct and indirect two-photon absorption in germanium. However,

since that report directly utilizes results from the current work, it will be discussed

after the current experimental results are presented in Section III.3.1.

II.2.2 Experiments

Two-photon absorption in germanium was first reported experimentally in 1969 by

Zubov, et al. [53]. Using a wavelength of 2.36 µm in a direct transmission ex-

periment on a 1-cm specimen, they derived a two-photon absorption coefficient of

β = 1000 cm/GW. However, their analysis ignored free carrier absorption effects and

multiple internal reflections of the pulse.

Wenzel et al. [54] reported a similar experiment in 1973. They used a spectral

laser source to produce ∼90-ns pulses containing a range of wavelengths from 2.6–

3.1 µm, and reported a β of 2500 cm/GW. Although they considered multiple internal

reflections in their analysis, they also ignored free carrier effects. At the conclusion

of their paper, they suggest the usefulness of photoconductivity experiments.

Gibson et al. performed both photoconductivity and direct transmission experi-

ments on germanium specimens, as reported in their paper from 1976. [40] They took

into account the free carrier contribution to the absorption, and noted the resulting

change in pulse shape. Their laser was similar to that of Wenzel et al., covering a

range of wavelengths from 2.6–3.0µm, but with a pulse duration of 480 ns. Figure

10(a) shows their intensity-dependent direct transmission results at several differ-

ent specimen thicknesses. From these data they derived a wavelength-averaged β of

160 cm/GW. Figure 10(b) shows the values of β they derived using photoconductiv-

ity. These range from ∼100–700 cm/GW, depending on wavelength. As expected,
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their value for β appears to approach zero as the wavelength approaches 3.07µm,

corresponding to one half the direct gap in germanium.

(a) (b)

Figure 10: Transmittance and photoconductivity results in Ge from Gibson et al. [40]
(a) Adjusted inverse transmission vs. incident intensity from the direct transmission
experiment. The numbers at the end of each line denote specimen thickness, in cm.
(b) Experimental values of β (K2) vs. wavelength, derived from photoconductivity
data.

In conference proceedings from 1978, Danileiko et al., [50] who were primarily

interested in laser-induced damage thresholds, reported in passing a two-photon ab-

sorption coefficient of 75 cm/GW in Ge at 2.76 µm. They used 90-ns pulses from a

pulsed CaF2:Er3+ laser in a photoconductivity experiment, but did not report any

further details.

In 1993 Tuncel et al. [48] used the Vanderbilt Free Electron Laser to study the

wavelength dependence of germanium two-photon absorption in photoconductivity

experiments. Due to the complex nature of the FEL pulse structure (Section III.1.1),
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they did not derive explicit values of β. However, they did observe indirect-gap two-

photon absorption, and estimated the ratio βd/βi to be ∼2000. In addition, they

confirmed the theoretical result of Bassani and Hassan, [47] which stated that this

transition may only be assisted by longitudinal optical phonons (see Figure 11 on

page 21).

Figure 11: Indirect 2PA photoconductivity vs. photon energy in Ge, from [48]. The
onset of absorption occurs at the energy of the indirect gap plus 30.4 meV, which is
the energy of the LO phonon predicted to enable this transition. [47]

Rauscher and Laenen [46] used picosecond pump-probe spectroscopy to study

two-photon absorption in germanium in 1996. They used a tunable mode-locked

laser to produce 2.9µm pulses of length 1–2 ps. Using just the pump pulse in a direct

transmission experiment, they estimated β for germanium to be 80±10 cm/GW. They

included free carrier absorption in their analysis, which they attributed primarily to

the transition of a heavy hole to the split-off band, after Bryant, et al. Following

that, they used the same pump beam and a weaker probe beam tuned to 3.0 µm to

determinate the non-degenerate β(2.9 µm, 3.0 µm) to be 35±10 cm/GW. The results

of this experiment are shown in Figure 12 on page 22. The fast peak is interpreted to
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be the non-degenerate absorption, as evidenced by its intensity-dependence, shown

in the inset.

Figure 12: Nonlinear pump-probe spectroscopy of Ge from [46]. Here, the probe
transmission is plotted vs. time delay with respect to the pump. (An increase on the
y axis indicates decreasing probe transmission.) The fast peak at zero time delay is
attributed to the simultaneous absorption of one pump and one probe photon. The
inset shows the linear pump intensity-dependence of the magnitude of the fast peak
(black squares), suggesting that only one pump photon is contributed to the process.
The hollow circles in the inset show the quadratic intensity dependence of the pump-
only absorption, for comparison. The probe intensity is too weak in this experiment
for significant probe-probe absorption.

T. J. Wagner et al. [55] have recently studied nonlinear absorption in Ge and

GaSb at 2.05 and 2.5 µm using both nanosecond and picosecond sources with an

irradiance-scan approach. They carefully considered several effects that may influence

the measurement, and accounted for free-carrier absorption by simultaneously fitting
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the two-photon and free-carrier absorption coefficients to their experimental data.

They derived a value of 68 cm/GW for the two-photon coefficient, β at 2.5 µm.

Summary

Figure 13 shows the experimentally-derived values of the two-photon absorption coef-

ficient of germanium, by year. Table 1 on page 24 contains the same information, with

the addition of the wavelengths used and notes on each experiment. The reported

value for the current work at will be discussed in Chapter III.
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Figure 13: Reported experimental values for the germanium two-photon absorption
coefficient β near 2.8 µm, by year. The points are keyed as follows: Z = Zubov
et al. [53], We = Wenzel et al. [54], GP = Gibson et al. (photoconductivity) [40],
GT = Gibson et al. (direct transmission), D = Danileiko et al. [50], R = Rauscher
and Laenen [46], Wa = Wagner et al. [55], V = Current work at Vanderbilt [56].

The reported values of β generally trend downward with time. This may be due

to multiple factors:

(i) The inclusion of free carrier effects significantly lowers the value of β derived

from experimental data.
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Table 1: Reported experimental values for the germanium two-photon absorption
coefficient β.

Reference Year Wavelength β Notes

(µm) (cm/GW)

Zubov [53] 1969 2.36 1000 Ignored multiple reflections and
free carrier absorption.

Wenzel [54] 1973 2.6—3.1 2500 Ignored free carrier absorption.

Gibson [40] 1976 2.6—3.0 340 Photoconductivity.

160 Direct transmission. Both
experiments by Gibson included
free carrier absorption in the
analysis.

Danileiko [50] 1978 2.76 75 Little detail available.

Rauscher [46] 1997 2.9 80 Included free carrier absorption.

Wagner [55] 2010 2.5 68 Simultaneous fit of two-photon
and free-carrier absorption
coefficients.

(ii) The shorter pulses available in more recent laser systems decrease free carrier

effects.

(iii) More recent experiments are able to use higher-power lasers, and this may reduce

the measurement of β. (Compare Gibson’s high-intensity transmission data to

the lower-intensity photoconductivity data.)

(iv) Higher-purity specimens of germanium are more readily available as time pro-

gresses.

II.3 Carrier Dynamics in Germanium

Research on two-photon absorption in germanium and other materials has demon-

strated that knowledge of the dynamics of the photogenerated carriers is crucial for
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the accurate evaluation of absorption phenomena. [24, 40] In fact, the dynamics of

hot carriers in germanium has been a topic of interest in its own right for the last

several decades.

In 1972, Müller et al. [57] reported a fast modulation in CO2 laser absorption by

germanium, which they attributed to absorption by hot carriers, with an estimated

cooling time of 1 ps.

Kennedy et al. in 1974 [58] reported the use of 1.06 µm pulses of duration < 5 ps in

a pump-probe experiment to measure the relaxation time of hot carriers. They saw a

fast peak in transmittance at zero time delay, which they attributed to saturation of

excited carrier states, and thus determined that the hot carrier relaxation time was

faster than their pulse width, i.e. < 5 ps.

However, the following year Shank and Auston [59] reinterpreted the zero-time-

delay spike in transmittance as an autocorrelation of the pump and probe beams due

to a transient grating phenomena generated by the interaction of the electric fields

of the two pulses. In addition, in their own pump-probe experiment, which was very

similar to that of Kennedy et al., they observed a slow decay in transmittance (Figure

14 on page 25), which was attributed to carrier diffusion out of the probe beam area.

Figure 14: Time-resolved pump-probe transmission of 1.06µm photons in germanium,
from Shank and Auston. [59] The horizontal axis is pump-probe time delay, in ps.
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In Reference [60] from the next year, the authors of the original 1974 paper by

Kennedy et al. [58] responded in agreement with the interpretation of Shank and Aus-

ton, and presented new temperature-dependent pump-probe results, which showed a

greater rise in probe transmission saturation for low temperatures, as depicted in

Figure 15(a). Following the initial rise in probe transmittance, there is a slow decay,

shown in Figure 15(b). The authors suggest the following interpretation: the pump

pulse excites photogenerated carriers into high energy states. These carriers subse-

quently cool toward the band edge via phonon emission. The 1.06µm probe photons

in this experiment effect a transition above the germanium band edge, but below

the energy of the hot carriers. As the pump-excited carriers cool to the probe exci-

tation point, they fill available probe excitation states, and the probe transmission

increases. At later time delays, after the pump-generated carriers have decayed down

to the conduction band minimum, the probe transmission decreases again.

In 1989, A. Othonos et al. [61] reported results of picosecond Raman scattering

and transient absorption experiments on germanium specimens using 4-ps pulses at

575 nm. From the Raman scattering experiment, they demonstrated the existence of

a non-equilibrium population of optical phonons, which are generated as hot carriers

in the L valley thermalize with the lattice. The lifetime of these phonons suggests that

the plasma-lattice thermalization occurs on the order of tens of ps. They theoretically

predicted the optical phonon occupation number as a function of time within a factor

of two of the experimental data. They also found from the reflectivity experiment

that the hot carriers diffuse quickly into the specimen at an enhanced temperature-

dependent ambipolar diffusion coefficient, and that this effect must be considered to

accurately model the experimental data.

Zhou et al. [62] in 1994 reported femtosecond pump-probe transmission and pho-

toluminescence measurements demonstrating that photo-excited electrons in the Γ

valley scatter to the L valley with a time constant of 230±25 fs at room temperature.
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(See Figure 16). They estimated a similar time-scale for scattering to the X valley.

In fact, their data suggests that carrier thermalization, intervalley scattering, and

cooling all occur on a sub-picosecond timescale. With regard to the previous experi-

ments in this area, the authors suggest that the faster timescales reported in the work

are due to the femtosecond laser source they used. In a follow-up experiment from

1995, Mak and Rüle [63] found that the thermalization time for excited carriers in

germanium scales with the excited carrier density N as N−0.55.

Summary

To summarize the recent results of carrier dynamics in Ge, it is believed that photo-

generated electrons in the Γ valley undergo the following processes:

(i) Equilibration in momentum space without energy loss, on the order of 10 fs.

(Although this is not explicitly mentioned in the literature reported here, it is

generally understood.)

(ii) Carrier-carrier thermalization due to Coulomb interactions within the plasma,

of order 100 fs.

(iii) Electron-phonon scattering from the Γ valley to the X and L valleys, of order

100 fs.

(iv) Phonon-assisted relaxation down to the band edge, on a timescale of hundreds

of fs. According to Mak and Rüle, [63] this transition is forbidden near the

bottom of the Γ valley.

(v) Recombination with holes. The lifetime for generated carriers is on the order of

hundreds of µs, depending on doping. [64]

An accurate evaluation of the importance of these effects will be critical in the exper-

imental analysis and simulation of multiphoton absorption.
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(a) (b)

Figure 15: Temperature-dependent pump-probe transmittance in Ge, from [60]. (a)
Temperature dependence of the initial rise in transmittance, along with theoretical
curves calculated by the authors. (b) Low-temperature rise and decay of probe trans-
mittance at different ratios of pump and probe intensity. The displayed error bars
are typical of all data points.

Figure 16: Time-resolved probe transmission in germanium, from [62]. Carriers are
pumped near the band edge, thus the decay in transmission is attributed to the
scattering of pumped carriers from the Γ valley to the L valley, with a time constant
of 230±25 fs.
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